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Recent chemical exfoliation of layered MAX phase compounds to novel two-dimensional transition metal
carbides and nitrides, so called MXenes, has brought new opportunity to materials science and technology. This
review highlights the computational attempts that have been made to understand the physics and chemistry of
this very promising family of advanced two-dimensional materials, and to exploit their novel and exceptional
properties for electronic and energy harvesting applications.
I. INTRODUCTION
It has been demonstrated in recent extensive studies that
low-dimensional systems containing transition metals with
open d-orbital shells may exhibit a multitude of interesting
properties because of different oxidation and spin states, and
relatively large spin-orbit coupling of the transitions metals.
Hence, transition metal-based low-dimensional systems pro-
vide an excellent ground for exploring and exploiting the in-
ternal degrees of freedom of electrons − charge, orbital, and
spin − and their interplay for fundamental research and device
applications [1–4]. There are many transition metal-based low
dimensional systems in the literature, e.g. dichalcogenides,
which have been or may potentially be exfoliated in the ex-
periments [5, 6]. Among them, nowadays, MXenes [7, 8] are
truly at the cutting edge of materials research and promise new
scientific and technological horizons.
MXenes [7, 8] are a new class of two-dimensional (2D)
transition metal carbides and nitrides with chemical formula
of Mn+1Xn (M= Sc, Ti, V, Cr, Zr, Nb, Mo, Hf, Ta; X= C, N;
n=1–3) that have recently been synthesized through etching
MAX phases [9–14]. These 2D systems have been named as
MXenes because they originate from the MAX phases by re-
moving “A” elements and because they are structurally analo-
gous to graphene [7, 8]. Very recently, significant progress
in the growth of high quality crystalline MXenes has been
achieved by the chemical vapor deposition technique [15, 16].
Moreover, the family of MXenes has been lately expanded
to ordered double transition metals carbides M′2M
′′C2 and
M′2M
′′
2C3 [17]. Considering the large number of composi-
tional variety of the MAX phase compounds, a large number
of 2D MXenes with unprecedented properties is expected to
be produced.
Experimentally, MXenes have already found applications
as transparent conductors [18–20], field effect transistors [21],
supercapacitors [22–24], Li ion batteries [25, 26], electro-
magnetic interface shielders [27], fillers in polymeric com-
posites [28], hybrid nanocompositites [29], purifiers [30,
31], dual-responsive surfaces [32], suitable substrates for
dyes [33], catalysts [34, 35], promising materials for methane
storage [36], and photocatalysts for hydrogen production [37],
as well as being ceramic biomaterials with high photothermal
conversion efficiency for cancer therapy [38]. Theoretically,
many applications have been proposed for MXenes in elec-
tronic [39–43], magnetic [44–48], optical [49, 50], thermo-
electric [51–56], and sensing devices [57], as well as being
new potential materials for catalytic and photocatalytic reac-
tions [58–63], hydrogen storagemedia [64, 65], and nanoscale
superconductivity[66]. Some of MXenes are predicted to be
topological insulators with large band gaps involving only d
orbitals [67–71]. MXenes are also expected to be used as ul-
tralowwork function materials [72] and Schottky barrier junc-
tions [73–76].
As the experimental and theoretical studies described above
have already suggested, MXenes are appealing 2D systems
because of the following reasons. 1) Owing to their ceramic
nature, MXenes are chemically and mechanically stable. 2)
MXenes can be found in different forms of monolayer, few
layers, and multilayers. 3) MXenes can be synthesized as
complex materials made of mixture of light and heavy tran-
sition metals, which makes it possible to tune the number
of valence electrons and the relativistic spin-orbit coupling
(SOC). This enhances their electronic functionality and me-
chanical stability. 4) The thickness of MXene monolayers is
controllable. This allows us to examine the quantum confine-
ment related phenomena. 5) The surfaces of MXenes can
be functionalized with various chemical groups, which of-
fers possibilities for surface state engineering. 6) Similar to
graphene, some ofMXenes exhibit massless Dirac dispersions
in their band structures near the Fermi level [67–70, 77]. This
opens broad possibilities for Dirac-based physics and applica-
tions [67–70]. These properties make MXenes unique among
other known 2D materials although some of them have not
been experimentally observed yet.
This article reviews the current status of theoretical studies
on MXenes, highlighting the recent progress based on first-
principles calculations. It updates and comprehends the previ-
ous excellent theoretical reviews in Refs. [78, 79] by provid-
ing insights into many physical and chemical characteristics
and applications of MXenes. For the experimental progresses
onMXenes, one can find comprehensive reviews in Refs. [80–
84]. The rest of this review is organized as follows. Sec. II
summarizes computational methods employed to obtain the
2theoretical results discussed in this review. Sec. III briefly
discusses the structural, mechanical, and electronic properties
of the parent structures of MXenes, i.e., MAX phases. Sec. IV
explains first why the surfaces of 2D MXenes are usually sat-
urated with chemical groups. Then, the effects of surface
functionalization on mechanical, electronic, magnetic, opti-
cal, transport, and surfaces states of MXenes are discussed.
Some of the proposed applications of 2D MXenes as low
work function electron emitters, catalyst for hydrogen evolu-
tion, promising thermoelectric materials, and energy storage
media are also described. Sec. V summarizes the electronic
structures of MXenes in the form of nanoribbons, nanotubes
and heterostructures. Finally, outlook for future research on
MXenes is provided in Sec. VI.
II. COMPUTATIONAL METHODS
Before discussing the properties and applications of MX-
enes, it is worth summarizing briefly computational methods
employed in the following theoretical studies of this review.
Among different methods, density functional theory (DFT)
has proven to be a reliable method to predict various phys-
ical and chemical phenomena in atomic scale. Hence, DFT
calculations are performed to examine many properties and
applications of MXenes. However, it is known that the simple
DFT method may fail in predicting the values of band gap and
van derWalls interaction, and properties of strongly correlated
materials. For instance, the Perdew-Burke-Ernzerhof (PBE)
version of the generalized gradient approximation (GGA) for
the exchange-correlation functional [85], which is most of-
ten used in this review, underestimates the band gap. Hence,
in some of the studies discussed below, the hybrid func-
tional [Heyd-Scuseria-Ernzerhof (HSE06)] [86, 87] is em-
ployed to improve the estimation of the band gap, and the
semi-empirical DFT-D2 method (Grimme method) [88] is
used to treat properly the Van der Walls interaction. Further-
more, the DFT+U method [89, 90] is applied to correctly ob-
tain magnetic order when the electron correlation in transition
metals is important. Because of the approximate nature of the
DFT-based methods [91], this review mainly focuses on the
general trends, which are expected in the physics and chem-
istry of MXenes, rather than emphasizing quantitatively the
exact values of various properties. In the following, the DFT-
PBE method is employed for the theoretical studies, unless
otherwise stated.
III. MAX PHASES
MAX phases are a large family of hexagonal layered ce-
ramic compounds with symmetry group of P63/mmc and with
chemical formula of Mn+1AXn (n=1–3), where “M”, “A”, and
“X” represent an early transition metal (Sc, Ti, V, Cr, Zr, Nb,
Mo, Hf, and Ta), an element from groups 13–16 (Al, Si, P,
S, Ga, Ge, As, In, and Sn) in the periodic table, and car-
bon and/or nitrogen, respectively [9–14]. Figure 1(a) shows
the typical crystal structure of M2AXMAX phase compunds.
FIG. 1. (a) Typical structure of M2AX MAX phases. (b) Pro-
jected density of states [PDOS (states/eV/cell)] and (c) projected
band structure of Ti2AlC [12]. For clarity, the PDOS for Al is
scaled by factor 3. The Fermi energy is located at zero energy.
Γ(0,0,0), M(1/2,0,0), K(1/3,1/3,0), A(0,0,1/2), Λ(1/2,0,1/2), and
H(1/3,1/3,1/2) are high symmetric momenta in the Brillouin zone of
Ti2AlC.
Over 60 different MAX phase compounds have already been
synthesized experimentally [10, 11]. MAX phases typically
exhibit favorable properties of ceramics such as high struc-
tural stiffness, and also favorable properties of metals such as
good electrical and thermal conductivity [12]. MAX phases
have potential applications such as wear and corrosion pro-
tection, heat exchangers, lubricants, nozzles, and kiln furni-
ture [10, 11].
Based on first-principles calculations, elastic constants of
more than 240 different M2AC and M2AN compounds with
various M and A elements have been theoretically studied so
far [9]. Among these, many of the compounds are found to
satisfy the mechanical stability criteria for hexagonal struc-
tures: C11 > |C12|,C66 > 0, and (C11 + C12)C33 − 2C213 > 0,
where Ci j is the second rank tensor of elastic constant [92].
Therefore, many of them are elastically stable and have a
great chance to be realized under appropriate experimental
conditions. Another computational screening study has an-
alyzed the formation energies of 216 pure M2AX compounds
and 10314 solid solution (MM′)2(AA′)(XX′) [14], and found
that 3140 compounds, including 49 experimentally known
M2AX phases, exhibit formation energies of less than −30
meV/atom. A significant subsets of 301 compositions with
formation energy lower than −100 meV/atom exhibit favor-
able synthesis conditions.
Recently, the family of MAX phases has also been theo-
retically extended to M2AlB compounds [12]. The formation
energy (Ef) calculations find that Ef(M2AlN) ¡ Ef(M2AlC) ¡
Ef(M2AlB) [12]. This indicates that the M2AlN phases will
likely be obtained with higher purity in experiments. This
trend of the formation energies for MAX phases is understood
by considering several entangled factors, i.e., 1) the strength
of hybridization between d orbitals of M and others (p or-
bitals of Al, and s and p orbitals of X), 2) the number of va-
lence electrons that fill bonding, nonbonding, and antibonding
states, and 3) the required energy for volume expansion of the
3FIG. 2. Top and side views of (a) pristine MXene M2X. Top and side
views of (b) model 2 and (c) model 4 for functionalized MXene (see
the text). A and B indicate different types of hollow sites in (a). M,
X, and T denote transition metal (green), C/N (blue), and attached
chemical groups such as F, O, and OH (red), respectively.
transition metals to host the X elements [12].
The first-principles calculations find that M2AlB, M2AlC,
and M2AlN are all metallic [12]. As shown in Figs. 1(b) and
1(c) for Ti2AlC, the states around the Fermi energy of these
compounds are mainly dominated by d orbitals of the transi-
tion metals. The common features of hybridization are evident
in these compounds, where bonding (antibonding) states be-
tween d orbitals of M and p orbitals of Al or p orbitals of X
are located below (above) the Fermi energy. Between these
bonding and antibonding states, nonbonding states of M are
located near the Fermi energy. More detailed analysis shows
that the number of valence electrons per unit cell (valence
electron concentration), which fill the bonding and antibod-
ing states, can affect and control the formation energy and the
mechanical property of MAX phases significantly [12].
IV. 2D MXENES
2D MXenes are experimentally obtained when the “A” el-
ement is washed out from the MAX phases upon applying
appropriate acid solution such as HF [7, 8]. This is possible
because in some of the MAX phases the bonding between ele-
ments A and M is weaker than those between elements M and
X. However, it is experimentally observed that the outer layers
are often saturated with F, O, and/or OH groupswhenMXenes
are chemically exfoliated by HF acid solutions to eliminate the
“A” element [93–97].
The exfoliation process of Ti3AlC2 to Ti3C2 has been the-
oretically studied in the presence of water and HF acid using
ab initio molecular dynamics simulations [98, 99]. There, it
is shown that the spontaneous dissociation of HF and subse-
quent termination with H or F at the edge of Ti atoms make
Al-M bonding weak, consequently opening the interlayer gap.
FIG. 3. Side views of pristine (a) M3X2, (b) M4X3, (c) M′2M
′′X2,
and (d) M′2M
′′
2X3 MXenes, where M, M
′, and M” denote transition
metals, and X represents C or N.
The further insertion of HF is facilitated through the interlayer
gap. This leads to the formation of AlF3 and H2, which even-
tually come out of the MAX phase. After these processes, the
fluorinated MXene leaves behind [98, 99].
Experimentally, MXenes of Ti2C [8], V2C [25], Nb2C [25],
Mo2C [100], Ti3C2 [7], Zr3C2 [101], Nb4C3 [102], Ta4C3 [8],
and Ti4N3 [103] as well as TiNbC [8], (Ti0.5Nb0.5)2C [8],
(V0.5Cr0.5)3C2 [8], Ti3CN [8], Mo2TiC2 [17], Mo2ScC2 [104],
Cr2TiC2 [17], Mo2Ti2C3 [17], (Nb0.8Ti0.2)4C3 [102], and
(Nb0.8Zr0.2)4C3 [102] have already been synthesized. There
are comprehensive reviews on synthesis and current experi-
mental status of MXenes [80–84]. The crystal structures of
2D M2X, M3X2, M4X3, M′2M
′′X2, and M′2M
′′
2X3 are shown
in Figs. 2 and 3 .
A. Structural and mechanical properties
The model structures for 2D MXene systems can be con-
structed by removing “A” element from the bulkMAX phases.
Since the MAX phases have hexagonal symmetry, the derived
MXene systems form hexagonal lattices with the same sym-
metry. As schematically shown in Fig. 2(a), 2D M2X MX-
ene consists of trilayer sheets with a hexagonal-like unit cell,
where the “X” layer is sandwiched by two “M” transition
metal layers. Since the coordination number of a transition
metal ion is often six, it is natural to assume that the transition
metals in MXenes make six chemical bonds with the neigh-
boring X atoms and the attached chemical groups on the sur-
faces, resulting in the formation of M2XF2, M2X(OH)2, and
M2XO2 [39].
On the surfaces of M2X, two types of hollow sites exist:
hollow sites (A) under which there is no “X” atom between the
transition metal layers and hollow sites (B) under which there
is a “X” atom, as indicated in the lower panel of Fig. 2(a).
Therefore, depending on the relative positions of the termina-
tion groups attached to the transition metal atoms, four differ-
ent configurations are possible for the chemical termination
of the M2X system. Model 1: two functional groups locate
on top of the two transition metals. Model 2: two functional
groups are on top of hollow sites A. Model 3: one of the func-
tional groups locates on top of a hollow site A and the other
functional group locates on top of a hollow site B. Model 4:
the two functional groups locate on top of hollow sites B. Fig-
4ures 2(b) and 2(c) show the schematic top and side views of
models 2 and 4, respectively.
These four models should be considered for each type of
functional groups with fully relaxing atomic positions to de-
termine the most stable structure. As a general trend in func-
tionalized MXenes, model 1 is energetically less stable than
other three models and in many cases it is transformed to one
of models 2–4 during structure optimization. It is also found
that the relative structural stabilities of models 2–4 depend
mainly on possible ionic state(s) of the transition metals on
the surfaces [39]. If the transition metals can provide suffi-
cient electrons to both X and the attached functional groups,
model 2 becomes the most stable configuration [39]. Other-
wise, either model 3 or model 4 is a more stable configura-
tion [39].
In order to understand the stability of functionalized MX-
enes, the formation energy has to be evaluated. First-
principles calculations find that MXenes can gain a very large
amount of negative formation energy when the surfaces are
functionalized [39]. This indicates the formation of strong
bonds between the transition metals and the attached groups,
which encourages synthesizing MXenes with particular sur-
face functionalization [39]. It has also been examinedwhether
the surfaces of fully functionalizedMXene are thermodynam-
ically more favorable than those of less functionalized MX-
ene [39, 105]. It is indeed shown theoretically that the sur-
faces are fully functionalized at particular chemical potentials
in some of the MXene systems [39, 105]. Phonon frequency
analyses have proved that many of theseMXenes with full sur-
face functionalization are locally stable [39, 68, 72, 106, 107].
Therefore, various fully functionalized MXenes can be real-
ized experimentally in appropriate conditions although there
are still some challenges.
The effect or surface functionalization on elastic constant
C11 of MXenes have been studied using first-principles cal-
culations [108, 109]. It is found that oxygen functionalized
MXenes exhibit smaller lattice parameters and larger C11 as
compared to those functionalized with F or OH [109]. This is
due to the stronger bonding between O and surface transition
metals.
In another theoretical study, the thickness dependence of
mechanical properties of pristine 2D Tin+1Cn (n=1, 2, and 3)
has been investigated using molecular dynamics simulations.
The Young’s moduluses, extracted from the slope of strain-
stress curves, are found to be 597, 502, and 534 GPa for Ti2C,
Ti3C2, and Ti4C3, respectively [110], and thus it is the high-
est for the thinest MXene. It is also observed that Ti2C and
Ti3C2 show similar behavior under high tensile stress: the
bond breaking begins in the outermost regions of the layer
at the point of the highest local stress and propagates deeper
into the center of the system. The crack propagation in these
systems is accompanied by crumpling and folding of the layer
near the growing gap [110]. In contrast, cracks in Ti4C3 occur
first in the central region of the layer. At larger stress, these
cracks grow in size, leading to the complete fracture of the
sample with the formation of several Ti4C3 fragments [110].
The effect of F, OH, and O functionalization on the re-
sponse of Tin+1Cn (n=1, 2, and 3) to the tensile stress has
also been investigated theoretically to show that Ti2CO2 can
sustain large strain under biaxial and uniaxial tension much
better than graphene [111]. On the other hand, the pristine 2D
Tin+1Cn (n=1, 2, and 3) is vulnerable against the tensile strain
because the surface atomic layer collapses easily. However,
the surface functionalization can slow down this collapse and
thus improves the mechanical flexibility [111]. The unique
strengthening by oxygen functionalization is attributed to the
significant charge transfer from the inner Ti-C bonds to the
outer Ti-O surface ones [112].
Although the F, O, and OH terminations weaken the inter-
layer coupling as compared with the pristine counterparts, the
interlayer coupling is still significantly stronger than van der
Waals bonding as specified by the fact that the binding en-
ergies of stacked Tin+1CnT2 (T = F, OH, or O) are 2–6 times
larger than those of well-known graphite andMoS2 with weak
interlayer coupling [113]. Therefore, the successful exfolia-
tion of stacked Tin+1CnT2 with binding energies in the range
of 1-1.33 Jm−2 into monolayers invariably requires further
weakening of the interlayer coupling [113]. The interlayer
coupling in the OH-terminated Tin+1Cn is stronger than that in
the F- or O-terminated one because of the formation of hydro-
gen bonds between the layers in the former [113].
It should be noted that the experimentally obtained MX-
enes are not structurally perfect. The recent scanning trans-
mission electron microscopy (STEM) and electron energy loss
spectroscopy (EELS) experiments show that point defects are
present on the surfaces that can affect the local surface chem-
istry [114, 115]. The defects are formed when the surface
transition metals are etched/removed by the HF in the etchant
solution. Thus, changing the HF concentration in the etchant
should vary the defect concentration [115]. This gives us the
ability to control the surface properties for catalytic, energy
storage, and other applications. However, the existence of a
defect does not affect significantly the metallic properties of
MXenes [115].
Although MXenes are made by chemical exfoliation of
MAX phases, their synthesis through mechanical exfoliation
of MAX phases may also be possible. This is because in
some of the MAX phases elastic constants satisfy C11 ¿ C33,
which indicates that the overall bondings along the ab plane
is stronger than the c direction [12, 13, 116]. Therefore, if
C33 is smaller than C11, it might be more feasible to break the
M−A−M bonds under appropriate mechanical tension with-
out significantly damaging the M−X−M bonds [12, 13].
B. Electronic properties
Similar to the MAX phases, the pristine MXenes are all
metallic. However, upon surface functionalization, some of
the MXenes become semiconducting. As will be discussed
below, theoretical investigations have shown that the MXenes
can be divided into two categories, topologically trivial [39]
and nontrivial [67–71] metal/semimetal or semiconductor, de-
pending on the strength of relativistic SOC in these systems.
5FIG. 4. Projected density of states [PDOS (states/eV/cell)] and projected band structures for (a) Ti2C, (b) Ti2CF2, and (c) Ti2CO2 [39]. The
Fermi energy is located at zero energy.
1. Topologically trivial metals and semiconductors
While most of the functionalized MXenes are metallic,
Sc2CT2 (T= F, OH, and O), Ti2CO2, Zr2CO2, and Hf2CO2
become semiconducting with the surface functionalization.
The energy gaps are estimated to be 1.03, 0.45, and 1.8 eV
for Sc2CT2 with T= F, OH, and O, respectively, 0.24 eV
for Ti2CO2, 0.88 eV for Zr2CO2, and 1.0 eV for Hf2CO2
within general gradiente approximation (GGA) [39]. The
band structure calculations reveal that Sc2C(OH)2 has a di-
rect band gap and the other semiconductors have indirect band
gaps. Since Ti, Zr, and Hf are in the same group in the peri-
odic table with the same number of electrons in the outermost
partially filled atomic orbital shell ([Ar]3d24s2, [Kr]4d25s2,
and [Xe]4f145d26s2), the corresponding MXene systems ex-
hibit the similar metallic to semiconducting behavior upon the
same type of functionalization. It is also predicted that both
F and OH groups affect similarly the electronic structure of a
pristine MXene system [39]. This is simply because each F
or OH group is capable of receiving only one electron from
the surfaces. By the same token, the O group differs from the
F and OH groups because it demands two electrons from the
surfaces to be stabilized [39].
In order to understand why some of the MXenes become
semiconducting, the electronic structures of MXenes with and
without the surface functionalizations have been systemati-
cally studied [39]. The calculations show that pristine M2X
(X =C or N) systems are all metallic with the Fermi energy
locating at the d bands of transition metal M. In most MX-
enes, the p bands of carbon/nitrogen X appear below the d
bands separated by a small band gap. With the F, OH, or O
functionalization, new bands are generated below the Fermi
energy, resulting from F or O p orbitals hybridized with M
d orbitals. Sc2CT2 (T= F, OH, or O), Ti2CO2, Zr2CO2, and
Hf2CO2 turn to be semiconducting because the functionaliza-
tion shifts the Fermi energy to the center of the gap between
M d bands and X p bands. As examples, Fig. 4 shows the pro-
jected density of states and projected band structures for Ti2C,
Ti2CF2, and Ti2CO2. It has also been shown that the band gap
of Ti2CO2 and Sc2CO2 can be significantly varied by applying
either strain [117, 118] or external electric field [119, 120].
2. Topologically non-trivial semimetals and semiconductors
Since many of MXenes contain heavy 4d and 5d transition
metals, the relativistic SOC affects the electronic structures
significantly. As shown in Fig. 5, without considering the
SOC, M2CO2 (M= Mo, W) and M′2M
′′C2O2 (M′= Mo, W;
M′′= Ti, Zr, W) are semiconducting with a zero energy gap
(semimetallic) because the topmost valence band and the low-
est conduction band touch only at the Γ point, around which
the valence and conduction bands are both parabolic. The pro-
jected band structure calculations reveal that the bands near
the Femi energy originate from d orbitals of transition metals
M, or M′ and M′′. Upon considering the SOC, the degeneracy
of the topmost valence band and the lowest conduction band
at the Fermi energy is lifted and the band gap is open at the
Γ point (see lower panels in Fig. 5). Consequently, M2CO2
and M′2M
′′C2O2 turn into semiconductors with indirect band
gaps [67, 68]. The induced band gap is larger as the SOC
is larger [68]. It is found that the band gaps can be as large
as 0.194 eV (0.472 eV) for W2CO2 and 0.285 (0.401 eV)
for W2HfC2O2 within the generalized gradient approximation
(hybrid functional HSE06) [67, 68]. Although the similar fea-
tures are observed for M′2M
′′
2C3O2 (M
′=Mo, W; M′′= Ti, Zr,
Hf), these systems are still semimetallic even with considering
the SOC (see the rightmost panels in Fig. 5) [68].
The SOC lifts the degeneracy of the bands at the Γ point by
inducing a finite gap. The nature of these bands around the
Fermi energy can be characterized by the Z2 topological in-
variant. Since all the M2CO2, M′2M
′′C2O2, and M′2M
′′
2C3O2
MXenes have the inversion symmetry, the Z2 topological in-
variant can be simply calculated from the parity of the va-
lence band wave functions at the time reversal invariant mo-
mentum (TRIM) points of the Brillouin zone [121, 122]. For
the hexagonal structure, the TRIM points are located at Γ:
k1 = (0, 0), M1: k2 = (0, 0.5), M2: k3 = (0.5, 0), and
6FIG. 5. Top (bottom) panels: projected band structures for W2CO2,
W2HfC2O2, and W2Hf2C3O2 calculated without (with) the relativis-
tic spin-orbit coupling [67, 68]. The Fermi energy is located at zero
energy.
M3: k4 = (0.5, 0.5), and therefore the Z2 index ν (= 0, 1) is
evaluated by (−1)ν = Π4
i=1δ(ki), where δ(ki) = Π
N
n=1ηn(ki),
ηn(ki) (= ±1) is the parity of the nth valence band at TRIM ki,
and N is the number of the occupied valence bands [121, 122].
The trivial and nontrivial topological phases are identified
with ν = 0 and 1, respectively. The parity analysis of the occu-
pied bands at the TRIM points finds that ν = 1 for all the sys-
tems discussed here, and therefore M2CO2 (M= Mo, W) and
M′2M
′′C2O2 (M′= Mo, W; M′′= Ti, Zr, Hf) are topological
insulator and M′2M
′′
2C3O2 are topological semimetal [67, 68].
The 2D topological insulators display intriguing conducting
edge states in which electrons with opposite spins propagate
in the opposite directions and thus they are robust against non-
magnetic impurities and disorders [123–126]. It should also
be emphasized that the band inversion occurs in these topo-
logically non-trivial MXenes mostly among d orbitals (more
precisely, dz and dxy/dx2−y2 orbitals) of the transition met-
als [67, 68], not involving s and p orbitals as in the previously
known or predicted topological insulators [123–126].
C. Surface state properties
The careful examination of the projected band structures
of the OH-terminated MXenes has revealed that some of the
states around the Γ point, near and above the Fermi energy,
do not constitute any of the composed elements [42]. As
FIG. 6. Projected band structures onto each constituent atoms for
eight different systems indicated in the figures [42]. The position of
the lowest energy nearly free state (NFE) near the Fermi energy at
the Γ point is indicated by arrow. The Fermi energy is located at zero
energy.
examples, the projected band structures of Sc2C(OH)2 and
Hf2C(OH)2 are shown in Fig. 6. These states mainly dis-
tribute in the vacuum region outside the hydrogen atoms and,
more interestingly, they have nearly free electron (NFE) char-
acteristics with parabolic energy dispersions with respect to
the crystal wave vector [42].
The electron localization function (ELF) analysis [127] in
Fig. 7 shows clearly that there exists a uniform floating elec-
tron gas above the hydrogen atoms in the MXenes such as
Hfn+1Cn(OH)2 (n = 1, 2, and 3) with partially occupied
NFE states. It has been shown that Ti2C(OH)2, Zr2C(OH)2,
Zr2N(OH)2, Hf2N(OH)2, Nb2C(OH)2, and Ta2C(OH)2 also
possess partially occupied NFE states [42]. The lowest energy
NFE states in Sc2C(OH)2, Ti2N(OH)2, and V2C(OH)2 are un-
occupied and located above the Fermi energy, but in much
lower energy than those of the graphene, graphane, BN, and
MoS2 (see Fig. 6). Therefore, these unoccupied NFE states
in OH-terminated MXenes should be accessible more easily
than those in other known 2D systems [42].
Similarly to the OH-terminated MXenes, the F- and O-
terminated MXenes also exhibit the NFE states. However, the
NFE states in the F- and O-terminated MXenes are located at
much high energies. For example, as shown in Fig. 6, the low-
est energy NFE states of Hf2CF2 and Hf2CO2 appear around
3 and 5 eV above the Fermi energy, respectively. This already
implies that the NFE states of the F- and O-terminated MX-
enes are not suitable for application purposes. The NFE states
in the OH-terminated MXenes are found near the Fermi en-
7FIG. 7. Electron localization function (ELF) for Hfn+1Cn(OH)2
(n=1, 2, and 3) MXenes with different thicknesses [42].
ergy because there exist positively charged hydrogen atoms
at the surfaces [42]. As shown in Fig. 7, the presence of the
NFE states and the location relative to the Fermi energy do
not depend significantly on the thickness of the MXenes. This
is simply because the thickness of the MXenes can not essen-
tially change the nature of surface charges, i.e., the surface
of the OH-terminated (F and O-terminated) MXenes remains
positively (negatively) charged, independently of the thick-
ness.
The partially occupied NFE states near the Fermi energy
are sensitive to the circumstances, and indeed they diminish
by applying large compressive or tensile strains, adsorbing
molecules such as O2, N2, and CO, or hetrostructuring the
MXenes with graphene, BN, or graphane [42]. It has also
been proposed that due to their localized states that appear
above the hydrogen atoms, the OH-terminated MXenes may
offer potential application toward Pb and heavy metal purifi-
cation for environmental remediation [30, 31].
D. Optical properties
Very few theoretical and experimental studies exist on the
optical properties of MXenes. The experimental studies for
thin films of Ti3C2Tx (T: mixture of F, OH, or O) are avail-
able [18, 19]. It has been observed that Ti3C2Tx obtains 77%
transmittance at visible light with wavelength of 550 nm [19].
The intercalated Ti3C2Tx with NH4HF2 (Ti3C2.3O1.2F0.7N0.2)
possesses 90% transmittance, while the transmittance for thin
film of the Ti3AlC2 MAX phase is 30%, which is the least
transparent [18]. It has also been observed that the absorbance
is linearlly dependent on the thickness of the Ti3C2Tx and the
intercalated films [18].
Theoretically, optical properties such as transmittance, ab-
sorption, and reflection can be evaluated from the imaginary
part of the dielectric function tensor calculated as a func-
tion of the photon wavelength [49, 50]. Thus far, the energy
loss function, reflectivity, and absorption spectrum of pristine
Ti2C, Ti2N, Ti3C2, and Ti3N2 have been studied. Using the
reflectivity and energy loss curves, the plasmon energy is es-
timated to be 10.00, 11.63, 10.81, and 11.38 eV for these sys-
tems listed above, respectively, when the electric field is ap-
plied parallel to the surface [49]. It has also been found that,
at extremely low energy less than 1 eV, the reflectivity be-
comes 100% (less than 50%) for these systems when the elec-
tric field is applied parallel (perpendicular) to the surface [49].
This indicates the capability of these systems for transmitting
electromagnetic waves [49].
In other theoretical studies, the optical properties of pris-
tine and functionalized Ti2C and Ti3C2 with F, OH, and O
have been examined [50]. It is shown that, in the range of in-
frared to ultraviolet light including visible light, the in-plane
absorption coefficients are lower for the F and OH functional-
izedMXenes than the bare and O functionalized ones [50]. By
analyzing the refractivity, it is concluded that F and OH func-
tionalized Ti2C and Ti3C2 should exhibit white color [50].
E. Magnetic properties
The spin-polarized density functional calculations indicate
that the ground states of the majority of the pristine and func-
tionalized MXenes are nonmagnetic because of the strong co-
valent bonding between the transition metal and the X element
as well as the attached chemical groups. However, the cova-
lency of the bonds can be tuned by applying external strain,
which results in the release of d electrons and consequently
the appearance of magnetism even in the otherwise nonmag-
netic systems [128].
Many of the pristine MXenes are intrinsically magnetic.
For example, pristine Ti2C and Ti2N exhibit nearly half-
metallic ferromagnetism with the magnetic moments of 1.91
and 1.00 µB per formula unit. The nearly half metallic fer-
romagnetic monolayer Ti2C turns into a perfect half-metal,
to a spin-gapless semiconductor, and then a metal, under the
continuous increase of the biaxial strain, although the mono-
layer Ti2N remains nearly half-metallic under the similar bi-
axial strain [47].
The monolayers of V2C and V2N are antiferromagnetic
and nonmagnetic metals, respectively. The biaxial tensile and
compressive strains induce large magnetic moment in mono-
layer V2C and V2N, respectively [47]. Upon the F or OH
functionalization,V2C becomes a small-gap antiferromagnetic
semiconductor [129].
Pristine Cr2C and Cr2N are both magnetic. The magnetism
results from d electrons of Cr. The Cr2C is half-metallic fer-
romagnetic. However, with the F, Cl, OH, or H functinaliza-
tion, Cr2C is transformed to an antiferreomagnetic semicon-
ductor [44]. The electronic structure of Cr2CF2 is shown in
Fig. 8. Cr2N has a larger number of valence electrons than
Cr2C. Hence, in contrast to Cr2C, the ground state of Cr2N
is antiferreomagnetic. However, the half-metallicity appears
in Cr2N upon various surface functionalization with F, O, or
OH [130]. This is important because the synthesize of the
8FIG. 8. Electronic structure of antiferromagnetic Cr2CF2 ob-
tained using the GGA: (a) spin projected density of states [TDOS
(states/eV/cell)], (b) band structure, and (c) top and side views of
spin density. The Fermi energy is located at zero energy in (a) and
(b). Blue and yellow colors indicate spin up and down densities, re-
spectively, in (c).
pristine half-metallic MXenes such as Cr2C is difficult when
the etching technique is employed. It is also found that the
energy difference between the magnetic and non-magnetic
states of the Cr-based MXenes is so large that these systems
might probably keep their magnetism up to near room tem-
perature [39]. Thus, these MXenes are promising materials
for spintronic devices.
Recently, non-symmetrically functionalized graphene has
been realized and named as Janus graphene [131]. Janus ma-
terials possess distinct surfaces because their opposite faces
are functionalized with two different chemical groups. Mo-
tivated by this, the magnetic properties of MXenes’ version
of Janus graphene has been studied [45, 46]. It is shown that
Cr2CFCl, Cr2CHF, Cr2CFOH, and V2CFOH can be antiferro-
magnetic semiconductors [45].
There are also attempts to induce magnetism in nonmag-
netic MXenes such as Sc2CT2 (T= F, OH, and O) by doping
with Ti, V, Cr, or Mn. It is found that Mn and Cr are promising
dopants for achieving magnetic Sc2CT2 [132].
More recently, the magnetic properties of ordered double
transition metal carbides MXenes, Cr2M′′C2T2 (M′′= Ti and
V, T= F, OH, and O), have been investigated [133]. It is found
that Cr2M′′C2T2 can be nonmagnetic, anti-ferromagnetic, or
ferromagnetic and either semiconducting or metallic, depend-
ing on M′′ and T. It is also shown that Cr2TiC2O2 is non-
magnetic, whereas Cr2TiC2F2 and Cr2TiC2(OH)2 are anti-
ferromagnetic, and Cr2VC2(OH)2, Cr2VC2F2, and Cr2VC2O2
are ferromagnetic. The Curie temperatures of Cr2VC2(OH)2
and Cr2VC2F2 are estimated to be up to 618.36 and 695.65 K,
respectively [133]. Another intensive study has found robust
ferromagnetism in Hf2MnC2O2 and Hf2VC2O2, as well as in
Ti2MnC2T2 (T= F, OH, and O). In these systems, a large mag-
FIG. 9. Top and side views of one of the eigenvectors of trans-
mission matrix with NFE characteristic for Hf2C(OH)2 [42]. L and
R indicate the left and right electrodes, respectively. Since the trans-
mission eigenvector is complex, the absolute value of the eigenvector
is shown by the isosurface and the phase is indicated by the color of
the isosurface.
netic moment of 3–4 µB/cell and a high Curie temperature of
495–1133 K are predicted [134].
F. Transport properties
There are very few theoretical studies on electron trans-
port properties of the MXenes. The coherent transport cal-
culations using the non-equilibriumGreen’s function (NEGF)
scheme have shown that the metallic MXenes are highly con-
ductive [42, 135]. According to the analyses of pristine and
functionalized Ti3C2, the type of the surface functionlization
has a considerable impact on the electron transport. For exam-
ple, the current at a given bias voltage in Ti3C2F2 can be up
to 4 times larger than that for pristine Ti3C2 [135]. The cur-
rent increase is due to the emergence of extended electronic
states and also due to the smaller variation of electrostatic pro-
file [135]. Through first-principles calculations, it has been
demonstrated that the conduction in stacked of Ti3C2T2 (T=
F, OH, or OH) is significantly anisotropic due to different ef-
fective masses of electrons and holes along different lattice
directions [136]. such anisotropic electronic conduction was
evidenced by in situ I-V measurements, in which the in-plane
electrical conduction is a least one order of magnitude higher
than that vertical to the basal plane [136]. It is also reported
that the half metallicity of Cr2NO2 is robust with 100% polar-
ization for a wide range of applied voltages [130].
Electron transport properties of the MXenes with the par-
tially occupied NFE states have also been studied [42]. The
calculations have shown the signature of the NFE states in
electron conduction [42]. In general, the better electron trans-
port is expected for the MXenes with the NFE states because
these states extend above the MXene surfaces (see Fig. 9) and
can conduct electrons through the nearly free channels with-
out being significantly scattered by surface vibrations at finite
temperatures. The transmission analysis indeed clearly shows
that the NFE states can act as both hole and electron chan-
nels at low bias voltages, thus suitable for applications in low-
power nanoelectronic devices [42].
The effect of NH3, H2, CH4, CO, CO2, N2, NO2, and O2
absorption on the electron transport of Ti2CO2 has also been
9investigated theoretically to exploit its potential applications
as gas sensor or capturer [57]. Among all these gas molecules,
only NH3 could be chemisorbed on Ti2CO2 with apparent
charge transfer of 0.174 e. The electron transport exhibits
distinct responses with a drastic change of I-V characteristic
when NH3 is adsorbed on Ti2CO2. Thus, Ti2CO2 could be a
promising candidate for NH3 sensor with high selectivity and
sensitivity [57].
G. Applications
There have been many proposed applications for the 2D
MXenes in literature. Here, we shall focus only on those with
electronic and energy harvesting applications.
1. Low work function electron emitters
Various metallic substrates of transition metal carbides and
nitrides provide the high stability, high melting point, and
relatively low work function that have increasingly attracted
attentions as suitable field emitters. Considering the prop-
erties of the MXenes, members of this family can be good
candidates as materials with low work function because of
the following two reasons. First, the MXenes offer the tun-
ability of the work function by choosing the proper transition
metal as well as the X element, usually carbon or nitrogen.
In addition, such compositional tunability provides a possi-
bility to adjust other properties such as thermal, mechanical,
and chemical stabilities, and toxicity. Second, during the syn-
thesis of MXenes, their surfaces are functionalized naturally,
which changes the electrostatic potential near the surfaces and
affects the electronic structures, especially, giving rise to the
shift of the Fermi level. These two features have significant
effects on the work function [72].
The work function is defined as the energy difference be-
tween the Fermi energy and the vacuum level (electrostatic
potential away from the surface). From the work function cal-
culations of M2C and M10C9 (M= Sc, Ti, Zr, Hf, V, Nb, Ta)
as well as M′2N and M
′
10N9 (M
′= Ti, Zr, and Hf) functional-
ized with F, OH, and O, it is found that the work functions of
the bare MXenes and the functionalized ones with F, OH and
O are distributed in the range of 3.3−4.8, 3.1−5.8, 1.6−2.8,
and 3.3−6.7 eV, respectively [72]. It is also shown that work
functions always decrease by the functionalization with OH.
This is in remarkable contrast with the systems functional-
izated with F or O, in which the work functions increase or de-
crease depending on the type of transition metal. Interestingly,
M2C(OH)2, M10C9(OH)2, M′2N(OH)2 and M
′
10N9(OH)2 all
exhibit ultralow work functions, as compared with the corre-
sponding bare and the functionalized ones with F and O [72].
The thickness dependences of the work function for Tin+1Cn
(n=1–9) functionalized with F, OH and O has been systemat-
ically studied, and shown that, regardless of the thickness, a
family of Tin+1Cn(OH)2 exhibits ultralow work function [72].
The work function properties of MXenes can be well un-
derstood by the surface dipole moments because the change of
FIG. 10. The change in the work function (∆Φ) of M10C9 and M′10N9
(M= Sc, Ti, Zr, Hf, V, Nb, Ta; M′= Ti, Zr, Hf) functionalized with F,
OH, and O as a function of the change in the surface dipole moment
(∆P) [72]. The solid line (∆Φ = −170.01∆P) indicates the linear fit
to the results. The dashed line (∆Φ = −180.95∆P) is the linear rela-
tion reported previously for three-dimensional bulk systems [137].
the work function (∆Φ) upon functionalization is linearly cor-
related with the change of the surface dipole moment (∆P).
It has been shown in Ref. [137] that ∆Φ = −e/ǫ0∆P =
−180.95∆P with ∆Φ = Φ − Φ0 and ∆P = p − p0. Here, e
(C) is the charge of electron, ǫ0 (CV−1 Å−1) is the vacuum
permittivity, and Φ0(Φ) and p0 (p) are the work function and
the surface dipole moment without (with) functionalization,
respectively. The positive (negative) value of ∆Φ corresponds
to the increase (decrease) of the work function when the sur-
face is functionalized. As shown in Fig. 10, MXenes also fol-
low this rule because it is found that ∆Φ correlates with ∆P
almost linearly with the slope of −170.012 VÅ [72].
In general, three main factors control the surface dipole mo-
ment upon deposition of any element: i) the redistribution of
electron charge between the surface and the adsorbates, ii)
the surface relaxation caused by the adsorbates, and iii) the
polarity of the adsorbates [72, 137]. Further analysis on the
MXenes indicates that the work function of the F and O func-
tionalizedMXenes is controlled by two factors, i.e., the dipole
moment induced by the charge transfer between F/O and the
substrate, and the change of the total surface dipole moment
caused by the surface relaxation upon functionalization. Be-
sides these two factors, the intrinsic dipole moment of the OH
group plays the most important role in determining the to-
tal dipole moment, which consequently justifies the ultralow
work function found in the OH terminated MXenes [72].
2. Promising catalysts and photocatalysts for hydrogen evolution
Hydrogen is one of the most promising alternative sources
of clean energy because the burning of hydrogen produces no
pollution [138]. Despite its abundance in water and many
hydrocarbons, hydrogen is not found in gas form with high
density in nature. A hydrogen evolution reaction (HER)
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is the production of hydrogen through the electrocatyly-
sis/photocatylysis process of water or any other inorganic
molecules containing hydrogen.
The platinum is one of the most efficient catalysts for hy-
drogen evolution. However, the usage of platinum is restricted
because of its high cost and resource limitation. Recently,
MXenes have attracted much attention both experimentally
and theoretically because MXenes can be efficient catalysts or
photocatalysts for HER. HER activities of Ti2CTx, Ti3C2Tx,
and Mo2CTx (T: mixture of O and OH) have been measured
experimentally [34, 35, 97]. It is found that Mo2CTx exhibits
a higher HER activity than Ti2CTx for hydrogen production
from water [35], while Ti3C2Tx can enhance the catalytic ac-
tivity for hydrogen production from ammonia borane [34].
Theoretically, it is demonstrated that many MXenes are con-
ductive at the standard condition (pH=0). Therefore, this en-
ables MXenes to transfer charge during the HER. Moreover, it
is shown theoretically that the Gibbs free energy for the hydro-
gen absorption on some of the O-terminated MXenes such as
Ti2CO2 andW2CO2 is close to the ideal value of 0 eV [60, 61].
Considering the Gibbs free energy and the number of elec-
trons captured by oxygen atoms on the O-terminatedMXenes,
it is predicted that O-terminated MXenes with 0.895–0.977
electron captured per an oxygen atom can be promising 2D
catalysts for hydrogen production [60].
More recent theoretical studies have shown that M2CO2
(M= Ti, Zr, and Hf) exhibits the band gap in the range of
0.92–1.75 eV (calculated using the HSE06 method) [63] with
very good light absorbance in the wavelength from 300 to 500
nm [62]. Moreover, it is found that Zr2CO2 and Hf2CO2 ex-
hibit high and directionally anisotropic carrier mobility [62].
The large and anisotropic carrier (electron and hole) mobility
in these systems facilitate the migration and separation of pho-
togenerated electron-hole pairs [62]. Therefore, Zr2CO2 and
Hf2CO2 can be used as photocatalyst for hydrogen generation
from water [62].
3. Energy conversion: thermoelectric devices
Owing to their intrinsic ceramic nature, MXenes may be
suitable as thermoelectric materials for energy conversion ap-
plications at high temperatures. The performance of thermo-
electric material is quantified through the dimensionless figure
of merit ZT given as S 2σT/K, where S , σ, T , and K (= kl+ke)
are the Seebeck coefficient, electrical conductivity, tempera-
ture, and thermal conductivity with both lattice (kl) and elec-
tronic (ke) contributions, respectively. Generally, ZT can be
maximized when the power factor (S 2σ) is maximized and
at the same time the thermal conductivity is minimized. The
thermal conductivity can be minimized efficiently by enhanc-
ing the phonon scattering in the presence of edges, interfaces,
grain boundaries, and embedded nanostructures [139]. How-
ever, maximizing S 2σ is not straightforward because both S
and σ are strongly coupled to the electronic structure of the
system and usually behave inversely: materials that have high
Seebeck coefficient have poor electrical conductivity, and vice
versa. Therefore, the balance between the Seebeck coefficient
FIG. 11. Band structure, density of states (DOS [states/eV/cell]),
Seebeck coefficient (S [µVK−1]), electrical conductivity (σ/τ
[1017Ω−1cm−1s−1], and power factor (S2σ/τ [1014µWcm−1K−2s−1])
as a function of chemical potential µ at various temperatures (indi-
cated in the figures) for Nb2CF2 (upper panels) and Mo2CF2 (lower
panels) [51]. Here, τ is the relaxation time. The band structure
and DOS are calculated at zero temperature. µ=0 corresponds to
the Fermi energy at zero temperature in DOS, Seebeck coefficient,
electrical conductivity, and power factor.
and the electrical conductivity at a particular p- or n-type car-
rier concentration is required so as to maximize the power fac-
tor.
Based on the Boltzmann theory and first-principles elec-
tronic structure calculations, the power factor S 2σ of mono-
layer and multilayer M2C (M = Sc, Ti, V, Zr, Nb, Mo, Hf,
Ta) and M2N (M= Ti, Zr, Hf) MXenes functionalized with F,
OH, and O groups have already been explored [51]. It has
been shown that the metallic (semiconducting) MXenes are
poor (good) thermoelectric materials [51]. For example, as
shown in Fig. 11 for Nb2CF2, the metallic MXenes exhibit
excellent electrical conductivity, but very poor Seebeck coef-
ficient, consequently having very poor power factor. On the
other hand, the semiconducting MXenes show relatively poor
electric conductivity, but excellent Seebeck coefficient, result-
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ing in relatively good power factor. Among the semiconduct-
ing MXenes, Mo2CF2 (see Fig. 11) acquires superior power
factor over other MXenes and thus it is potential thermoelec-
tric material in the MXene family [51]. The exceptionally su-
perior thermoelectric property of Mo2CF2 is attributed to the
peculiar band structure near the band edge, where flat and dis-
persive bands are merged. This type of band shapes allows for
a large Seebeck coefficient and simultaneously a good electri-
cal conductivity at low carrier concentrations [140–142].
The thermal conductivity of various MXenes, e.g., M2CO2
(M= Ti, Zr, Hf) [52, 55], Sc2CT2 (T= F, O, OH) [53, 54],
and Mo2C [56], have also been studied by taking into account
both phonon and electron contributions. These MXenes are
all semiconducting except for pristine Mo2C that is metallic.
The thermal conductivity is in general anisotropic along the
armchair and zigzag directions [55]. Among M2CO2 (M= Ti,
Zr, Hf), Ti2CO2 and Hf2CO2 exhibit the lowest and highest
lattice thermal conductivities, respectively, in the temperature
range of 300–700 K. Consequently, Ti2CO2 achieves a higher
figure of merit ZT for thermoelectric application (ZT= 0.45
for 14.0 × 1020 cm−3 n-dopeing and ZT= 0.27 for 1.7 × 1020
cm−3 p-doping [52]) because of the low thermal conductivity
and the high carrier mobility [52, 55]. The room tempera-
ture thermal conductivity of Hf2CO2 is 62.12–131.2 (27.63–
53.03) Wm−1K−1 along the armchair (zigzag) flake length of
1–100µm [55]. Among Sc2CT2 (T= F, O, OH), Sc2C(OH)2
is predicted to be a candidate for thermoelectric application
at elevated temperatures more than 300 K due to a relatively
good Seebeck coefficient, high electrical conductivity, and
very low lattice thermal conductivity [53]. At room temper-
ature, the thermal conductivity of Sc2C(OH)2 along the arm-
chair (zigzag) direction can be as large as 123–245 (78.5–148)
Wm−1K−1 when the flake length increases from 1 to 50 µm
[54]. The room temperature thermal conductivity of Mo2C is
also evaluated to be 48.4 (64.7) Wm−1K−1 for the armchair
(zigzag) flake length of 100 µm [56].
4. Energy storage: hydrogen storage, ion batteries, and
supercapacitors
There is a worldwide contest to develop alternative clean
energy resources. In this regard, alkali metal batteries, su-
percapacitors, fuelcells, and hydrogen fuels are among most
important candidates, although each of these faces its chal-
lenges. For instance, there is a major challenge to find ap-
propriate materials with high storage capacity. 2D materi-
als with large surface areas are most promising for hydro-
gen storage [143, 144]. The calculations show that pristine
Sc2C, Ti2C, and V2C might be used as hydrogen storage me-
dia [64, 65]. Sc2Cwith the largest surface area among all MX-
enes possesses the 9.0 wt.%, which is higher than gravimetric
storage capacity target, 5.5 wt.% by 2015, set by United States
Department of Energy. It has also been shown that the hydro-
gens are bound to Sc2C by chemical, physical, and Kubas-
type interactions with the binding energy of 4.703, 0.087, and
0.164 eV, respectively [65]. Note, however, that when the hy-
drogens are bound with the surfaces strongly, it is very diffi-
cult to take them out from the storage media. Therefore, these
hydrogens cannot be used for the energy production.
Li-ion batteries can produce high gravimetric energy den-
sity and high voltage as large as 110–160 Wh/Kg [145] and
3.6 V [146], respectively. Therefore, there are extensive
theoretical and experimental studies to design novel alkali-
based batteries with high gravimetric energy density and
voltage [147–150]. Recently, the intercalation between 2D
Ti3C2Tx MXene layers and several ions such as Li+, Na+,
Mg2+, K+, NH+4 , and Al
3+ has been reported to induce high
capacitance up to 350 F/cm3 [22]. Moreover, Li ion batteries
in Ti2C, Ti3C2, Ti3CN, and TiNbC have been experimentally
examined [151, 152]. It is found that Ti3C2 shows excellent
Li-ion steady-state capacity of 410 mAhg−1 at a one-cycling
rate [152].
These important experimental achievements have triggered
many further theoretical studies on supercapacity and alkali-
metal ion battery properties of MXenes [26, 129, 153–167].
In these theoretical studies, the effect of functionalization on
mobility of various alkali-metals and ions (Li, Na, K, Ca) in
pristine MXenes, Ti2C, Zr2C, V2C, Nb2C, Cr2C, Ti2N, V2N,
Ta2N, Ti3C2, V3C2, and V3N2, as well as functionalized MX-
enes with F, O, OH, O, S, Se, and Te have been systemati-
cally studied. For instance, M2C (M= Sc, Ti, V, and Cr) has
gravimetric capacity over 400 mAh/g, which is higher than
the gravimetric capacity of graphite [159]. The simulations
on Li storage in Ti3C2 indicate that the pristine MXenes have
low diffusion barrier (0.07 eV) and high Li storage capacity
[153]. It should be recalled that the Li storage capacity of
graphite is 372 mAh/g in LiC6 [153] and the diffusion barrier
for Li in graphite is ∼0.3 eV [168–170]. These facts suggest
that the MXenes may be superior to graphite electrodes. How-
ever, in functionalized Ti3C2, due to steric hindrance induced
by F, OH, and O groups, Li ions face higher diffusion bar-
riers as large as 0.36 [153], 1.02 [153], and 0.62 [159] eV,
respectively. Consequently, the Li storage in the functional-
ized MXenes with F, O, and OH decreases as compared with
the pristine MXenes. Various theoretical studies have shown
that MXenes, particularly pristine ones, are overall promising
in increasing the battery performance [26, 153].
V. NANORIBBON, NANOTUBE, AND
HETEROSTRUCTURE MXENES
Although there is no experimental report on the formation
of nanotubes, nanoribbons, or hetreostructures of MXenes,
there exist many positive signs to expect that they might be re-
alized experimentally. In fact, experiments have observed that
MXenes can be formed in the conical scrolls [7], and demon-
strated that MXenes can be used as filler in polymer compos-
ites [28]. Moreover, the chemical vapor deposition technique
can be employed to synthesize MXenes [15]. On the other
hand, there have been several theoretical studies on nanorib-
bon, nanotube, and heterostructureMXenes. For example, the
electronic structure and formation energy calculations on pris-
tine and functionalized Sc2C nanotubes indicate that the sta-
bility and the band gap of the MXene nanotubes can be con-
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FIG. 12. (a) Density of states (DOS) in states/eV/cell and (b) pro-
jected band structure of graphene/Hf2C(OH)2 heterostructure [42].
Arrows in (b) indicate the position of the Dirac cone at the K point
and the nearly free electron band band at the Γ point. The Fermi
energy is located at zero energy. (c) Electron localization function
(ELF) counter plot and (d) charge transfer (∆ρ) isosurfaces with
±0.005 e/Å3 for graphene/Hf2C(OH)2 [42]. The excess and depleted
charges (electrons) are shown in dark orchid and deep pink colors,
respectively, in (d).
trolled significantly by their radii [171]. Another study has
shown that the strain energies of Ti2C nanotubes are always
positive, whereas those of Ti2CO2 nanotubes become nega-
tive when the diameter is beyond 2.5 nm. This indicates that
2D Ti2CO2 can possibly be folded into a nanotube form [172].
The first-principles calculations for armchair and zigzag
nanoribons of pristine and functionalized Ti2C, Ti3C2, and
V2C [173] have shown that i) there is a remarkable atomic
reconstruction at the edges of nanoribbons, ii) hydrogen func-
tionalization can increase magnetic moment as compared with
the pristine nanoribbon, and iii) armchair Ti2CO2 nanoribbon
with a width of 7.34 Å exhibits a band gap of ∼1.0 eV, which
is significantly larger than that of 2D Ti2CO2 (∼ 0.24 eV) [39].
It is also shown that the hole and electron carrier mobility of
the Ti2CO2 nanoribbon can be tuned by the width as well as
the edge engineering [174]. More comprehensive calculations
reveal that the band gap of semiconducting MXene nanorib-
bons is determined by a combination of factors such as the
quantum confinement, the energy location of edge states, and
the strength of d-d hybridization [175].
Fabricating van der Waals heterostructures of MXenes,
and their stacking with chalcogenides, graphene or other
2D systems can be an innovative route to develop materi-
als with exotic properties. This is promising since similar
complex systems have been experimentally realized [176–
178]. The basic idea behind the stacking of different 2D
layers is the band gap engineering and combining the elec-
tronic properties of different 2D layers together into a sin-
gle 3D crystalline composite with substantially tailored elec-
tronic properties. For example, the electronic structures of
Graphene/Hf2C(OH)2 [42], MoS2/Ti2C, MoS2/Ti2CT2 (T =
F and OH) [73], silicine/Sc2CF2 [74], Sc2CF2/Sc2CO2 [75],
and various transition metal dichalcogenides/M2CO2 (M=Sc,
Ti, Zr, and HF) [179, 180] heterostructures have been studied
based on first-principles calculations.
Among these studies, it has been found that the transition
metal dichalcogenides/Sc2CO2 heterostructures show indirect
band gaps in the range of 0.13–1.18 eV, which are suitable
for electronic device applications [179]. Figure 12 shows the
density of states, projected band structure, excess-depletion
charge density (∆ρ), and electron localization function (ELF)
for Graphene/Hf2C(OH)2 heterostructure [42]. These results
clearly show that the graphene is n-doped by Hf2C(OH)2
and this is simply because of the ultra low work function of
Hf2C(OH)2 (∼ 2.32 eV) as compared with graphene (∼ 4.26
eV) [42]. However, the Dirac-cone like energy dispersion of
the graphene remains intact [see Fig. 12(b)], and is simply
shifted to lower energies at −1.1 eV by receiving electrons
from Hf2C(OH)2. Figures 12(c) and 12(d) show that electrons
are mainly transferred from OH bonds in Hf2C(OH)2 to π⋆
states of the graphene. Since the graphene and Hf2C(OH)2
are semi-metallic and metallic, respectively, it is expected
that the graphane/Hf2C(OH)2 heterostructure exhibits metal-
lic current-voltage characteristics. Due to the small distance
between hydrogen atoms and graphene (2.27 Å), the electrons
are localized either on Hf2C(OH)2 or on graphene. However,
it is clear that the NFE state remains stable on the other side
of Hf2C(OH)2 without graphene. Moreover, the ELF analysis
indicates that there is no chemical bond between the graphene
and Hf2C(OH)2 [72].
VI. OUTLOOK
The research on low-dimensional materials is still at a pre-
liminarily stage and will stay as a very exciting field of science
and technology for many years. In particular, the MXenes era
has just emerged in the cutting-edge materials research arena.
It has already been proved that MXenes are suitable mate-
rials for interdisciplinary research and collaboration between
academia and industry. Synthesizing MXenes with a partic-
ular surface functionalization is one of the main experimen-
tal challenges in this field. Since some of the MAX phases
(Mo2GaC) are low temperature superconductors [181], it is
timely to examine the superconductivity properties of various
MXenes. Our knowledge for photonic properties and solar
harvesting applications of MXenes are still limited. It might
be possible to grow lateral MXenes using chemical vapor de-
position technique. Therefore, it might be interesting to study
the lateral MXene heterostructures computationally. It has
been demonstrated theoretically that 2D topological insulators
might be promising thermoelectric materials [182]. Thus, it is
worth examining the theormoelectric properties of the topo-
logical MXenes. Catalytic and nanostructure properties of
MXenes have not been well studied yet. There are still very
few theoretical studies on electron transport, optical, and mag-
13
netic properties of MXenes. We hope that this review could provide a broad insight into the current status of research and
applications of MXenes, and stimulate further studies.
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